and Dugger (6) and Sisler et al (26) . Mitchell et al (22) obtained additional evidence that boron increases translocation of sugars and indirectly the translocation of growth-modifying substances. Previous work by Mlitchell and Brown (21) and others showed that translocation of growth-modifying substances from leaves to other plant parts was dependent upon the translocation of sugars.
The hypothesis presented by Gauch and Dugger (6) to explain the influence of boron on translocation is based on: 1) the formation of borate-sugar complex; and 2) the movement of the complex through cellular membranes more rapidly than non-borate sugar molecules. Of the several possible explanations for the wav boron could cause an increase in sugar translocation, these investigators favored the one which associated the borate ion with the cellular membrane. In this position the borate ion reacts chemically with the sugar molecule, and the resulting complex is transported across the membrane. A second reaction on the inside of the membrane releases the 1 Received revised manuscript April 18, 1957. sugar into the cell. Because of the rapid utilization of labeled sugars by living cells, these workers did not investigate this "carrier" concept as has been done in mineral element absorption studies (4) .
Plants grown in a medium deficient in boron have been shown to accumulate carbohydrates, particularly starch, in the leaves (7) . Because of this effect and the studies which show that boron increases translocation, it was decided to study the influence of boron on starch formation in vivo and in vitro.
In vitro studies by Winfield (29) showed a slight inhibition of starch phosphorylase by high concentrations of boron. He concluded that boron reacted with sugars in the same way as phosphorus; and because of the small boron: phosphorus ratio in plants, he did not believe that boron influenced the starch :± glucose-i-phosphate equilibrium. Torssell (27) , however, found no effect of 103 AI arylboric acids on starch phosphorylase.
The effect of boron on the starch phosplhorylase reaction has been reinvestigated in view of the fact that boron may possibly complex glucose-i-phosphate and thus prevent its conversion to starch. In addition the influence of boron on the hexokinase reaction has also been investigated. The results of these studies are presented in this paper.
iMETHODS AND RESULTS Ten-day-old snap bean plants, Phaseolus vulgaris L. var. Black Valentine, were transferred from the greenhouse to a dark room. After 48 hours in the dark, the level of starch in the primary leaves was reduced from 12 mg/gm fresh weight to 3 mg/gm fresh weight. At this time the leaves were removed, and 2-to 3-gram samples were rapidly weighed to the nearest mg and submerged in a solution of 4 % glucose containing 0.001 % Tween-20 (Polyoxyethylene sorbitan monolaurate) and 0.2 ml of 1 M K2HPO4 per 100 ml. Other leaf samples were submerged in a solution containing various levels of boron, glucose, Tween-20 and phosphate. The leaf material was then subjected to vacuum infiltration according to MIcCready and Hassid (20) . After infiltration, the leaves were removed and washed three times in tap water and twice in distilled water. They were then placed in covered dishes on moist filter paper and stored for 24 hours in the dark at 25°C. At this time the leaves were removed from the dishes and used in one of three analytical procedures: (a) starch analysis, (b) boron analysis, (c) respiration studies. The starch content was determined by digesting the alcohol insoluble residue with taka-diastase for 24 hours and subsequent acid hydrolysis to form glucose (1) . Reducing sugars were determined by the method of Nelson (23) . The colorimetric method of Dible et al (3) was used to analyze the plant tissue for boron content. Table I shows the influence of boron on the starch content of these leaves. There is a definite decrease in the amount of starch synthesized by the leaves when infiltrated ith solutions containing glucose and 20 millimoles/l or more of boron. It appears from these data that the addition of boron, at least above 10 millimoles/l, brings about some change in the metabolism of the leaf material that influences the synthesis of starch from added glucose. If this is associated with the conversion of glucose-i-phosphate (3), for non-toxic levels in plants.
Additional evidence for assuming that non-toxic levels of boron were present is given in figure 1. These curves represent the oxygen uptake bv leaf disks from 24 to 30 hours after infiltration with glucose and boron. There is a definite maximum response at 5 and 10 millimoles of boron per liter in the infiltrating solution; but in all concentrations used, the total oxygen uptake by the bean leaf disks, pre-treated with boron in the infiltrating solutions, was greater than that of the control disks pre-treated with glucose alone. The endogenous respiration of disks cut from water infiltrated leaves has been subtracted from all values. This experiment was repeated three times, and the same conclusions were apparent. It was also noted in all 12 experiments in which bean leaves were infiltrated with glucose and boron solutions that the leaves were turgid and appeared healthy 24 hours after infiltration. Even though high levels of boron were used in the infiltrating solutions, the effective levels are within physiological range.
An accumulation of carbohydrates in leaves of plants deficient in boron has been reported by many investigators as cited by Gauch and Dugger (7). It would therefore seem logical that the addition of boron to leaves adequately supplied with boron, as described in the previous experiments, would result in a decrease in starch content if the mechanism of starch synthesis is altered by the borate ion. On the other hand, if the boron were acting as a carrier and were facilitating translocation, there should have been no difference in the starch content of the detached leaves infiltrated with glucose and boron as compared to glucose alone. However, the data presente(I do not negate the other hypothetical types of action previously mentioned. It was thought that an in vitro study might shed additional light on this problem.
Starch phosphorylase was obtained by the method of Hanes (12) The reaction was measured in two ways. The one more often used was to transfer a one-ml aliquot of the digest to five ml of a 6 % trichloroacetic acid solution. After several minutes the acid was neutralized with 6 % ammonium hydroxide and the inorganic phosphorus was determined by a modified Fiske and SubbaRow method (5 (12) reported an equilibrium value of 0.87 for this reaction at pH 6.0.
Because the hydrogen ion concentration influences the equilibrium value and rate of reaction, it is necessary to measure pH along with the reaction products. Columns 2 and 3 indicate that there was a shift in pH over the course of reaching an equilibrium, but in no case was the difference in pH between no boron and 10 millimoles/l of boron greater than 0.1 pH units. In view of Hanes's very extensive report on starch phosphorylase, it was apparent that the observed ef- To characterize the nature of the inhibition of boron on this reaction, a series of experiments were carried out in which the concentrations of glucose-lphosphate and boron were varied. A reciprocal plot of the velocity of reaction and substrate concentration is given in figure 3 . From the plot of the reactions at different boron concentrations, it appears that the inhibition is one in which the inhibitor (boron) complexes with the substrate (glucose-i-phosphate) and in so doing reduces the reactive substrate concentration, at the' more dilute levels, to a value that is limiting the reaction. It can be seen that if (28) , and Comer (2) .
With the mitochondrial fraction from pea seedlings the glucose phosphorylated in 30 minutes at 350 C was 1.7 millimole per reaction for the control and 1.7, 1.7, 1.8 millimole per reaction for 10, 50 and 100 millimole/l of boron.
The soluble fraction of hexokinase from pea cotyledons was only one-third as active as the insoluble fraction from the seedlings; however, there was no difference in the amount of glucose phosphorylated between no boron and 10, 50 and 100 millimoles/l of boron.
DISCuSSION
In the recent review of the physiological action of boron in higher plants (7), it was pointed out that 15 distinct postulated roles of boron have appeared in the literature. Many of these roles can be understood more fully when evaluated in terms of the concept that boron increases the translocation of sugars. The validity of this concept has been borne out by several kinds of experimental results (6, 26) . The inability, hlowever, to elucidate the mechanism of action has resulted in several working hypotheses (7) . That these have remained hypotheses denotes the complexity of the problems associated with organic transport in plants. As is often the case, a different approach to the same problem is fruitful in understanding physiological problems such as this one.
A study of the effect of boron on the starch phosphorylase system seemed to be the best approach at this time. Winfield (29) had previously investigated the influence of boron on starch phosphorylase as well as potato aldehyde oxidase and tyrosinase. His report showed no effect from boron on the latter two enzymes in an in vivo study. In other experiments conducted with starch phosphorylase enzyme preparation, Winfield reported a 21 % inhibition of the synthesis of starch from glucose-i-phosphate by a 0.1 1\I concentration of boron. This is approximately 6,000 ppm, six times the highest concentration used in the experiments reported in this paper. With the same concentration of boron, Winfield showed a 17 % increase in the rate starch was degradated to glucose-1-phosphate under the optimum condition for the reaction. He proposed that boron entered into the "condensation reaction of sugar molecules in the same fashion as does phosphate ion," and that "it seems unlikely that boron influences the starch < glucose-1-phosphate equilibrium in normal plants where phosphate concentrations would be much greater than borate." The data presented in this paper indicate that the equilibrium is not changed but rather the rate of reaching equilibrium is changed. The effects of arylboric acids on the growth of roots from wheat plants has recently been investigated by Torssell (27) . He attributes the root growth-promoting property of these compounds to a characteristic of the dihydroxyboron group which in some way regulates the growth of the cells. He further states that this characteristic is not associated with auxin effects, but rather with the abilitv of arylboric acid to complex the carbohydrates in the polysaccharide chains of the cell wall and slow down the stabilization of the wall. "'When the normal stabilization of the cell w'all is prevented by arylboric acids, it will result in an increased cell elongation.'
Further results by Torssell (27) , cited as "in press," indicate that phenylboric acid in concentrations . 1O63M did not influence starch phosphorylase, a amylase, nor invertase. Boric acid at 10-3 WI was also found by the present investigators to be ineffective on starch phosphorylase.
Reed (24) showed that the catechol oxidase aetivity in the phloem cells of boron-deficient celery plants was higher than in normal celery plants. The cortical cells of boron-deficient plants also had a higher oxidase and phosphatase activity than did similar cells in plants supplied with boron. Abnormally high rates of oxygen consumption were noted by MacVicar and Burris (19) in whole tissue homogenates and chloroplast suspensions from boron-deficient plants. They associated this with an increase in polyphenoloxidase activity as a result of boron deficiency. Of the reactions studied by these investigators, the oxidation of dihydroxyphenyl-L-alanine showed significant inhibition with 0.001 -M boron concentration. Higher concentrations of boric acid (0.01 M to 1 M) inhibited ascorbic acid oxidase from cabbage leaves. They justify the high levels of boron by say- ing that "within the cells a particular compound may be highly concentrated in local areas. With cell-free preparations it may be necessary to reproduce this high local concentration in the entire medium to achieve the activity apparent in the intact cell." This point is well taken and was also the reasoning behind using high levels of boron in the experiments reported here.
In a recent review (7) (26) observed that the characteristic symptoms of brittleness in tomato appeared eight days after removing boron from the nutrient solution. After only four days, however, these plants showed a decrease in the amounts of C14 labelled carbohydrates that were translocated as compared to normal plants.
As a result of the present experiments and their interpretation, it is proposed that one of the ways in which boron may bring about an increase in translocation of sugars in plants is by decreasing the enzvmatic conversion of glucose-i-phosphate to starch.
With an increase in the steady state concentration of glucose-i-phosphate, the amount that may be available for other reactions, such as the synthesis of sucrose or other hexose phosphates, is increased. An increase in these soluble carbohydrates in situ may therefore result in an increase in translocation from the site of synthesis to some other plant part.
SUMMARY
Bean leaves infiltrated with 4 % glucose after a dark period synthesized more starch than leaves infiltrated with 4 % glucose and various levels of boron. Analysis for boron concentration in the leaves indicated that the level of the element was within physiological range for plants.
In vitro studies in the glucose-i-phosphate . starch reaction show that boron influences the rate of the reaction but not the final equilibrium.
A plot of 1/rate of reaction vs 1/glucose-i-phosphate concentration indicates that, at low levels of substrate, the boron combines with the substrate and influences the rate of starch synthesis.
Because boron influences the synthesis of starch, a hypothesis is presented which could explain why translocation of sugars in plants is increased when the element is present in sugar "feeding" and in C14 carbohydrate srnthesis experiments.
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